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(54) Title: HIGH SPEED FLOW CYTOMETER DROPLET FORMATION SYSTEM 
(57) Abstract 

A droplet forming flow cytometer system (1) aUows high speed processing 
without the need for high oscillator drive powers through the inclusion of 
an oscillator or piezoelectric crystal (10) within the nozzle volume (3) and 
directly coupled to the sheath fluid* The nozzle container (27) continuously 
converges so as to amplify unidirectional oscillations (11) which are transmitted 
as pressure waves through the nozzle volimie (3) to the nozzle exit so as to 
form droplets from the fluid jet. The oscillator is directionally isolated so as to 
avoid moving the entire nozzle container so as to create only pressure waves 
within the sheath fluid. A variation in substance concentraticHn is achieved 
through a movable substance introduction port (9) which is positioned within a 
convergence zone (32) to vary the relative concentration of substance to sheath 
fluid while still maintaining optimal laminar flow cotKlitions. This variation 
may be automatically controlled through a sensor and controUer configuration. 
A replaceable tip design is also provided whereby the ceramic nozzle tip is 
positioned within an edge insert (29) in the nozzle body (24) so as to smoothly 
transition from nozzle body (24) to nozzle tip (25). The nozzle tip is sealed 
against its outer surface to the ncazle body so it may be removable for cleaning 
or replacement. 
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HIGH SPEED FLOW CYTOHETER DROPLET FORMATION SYSTEM 

I. TECHHICAL FZELD 

Generally this invention relates to droplet flow cytometers 
such as are used for the analysis and sorting of substances 
contained within separate droplets* Specifically, the invention 
relates to aspects of such systems which act to form regular 
5 droplets after exit from a nozzle orifice, 

ZZ. BACKOROUKD ART 

Droplet flow cytometers have been in clinical and research 
use for many years • Basically, the systems act to position small 
amounts of a substance within individual droplets of a sheath 

10 fluid. These droplets can be made uniform by utilizing an 
oscillator which emits a predominant frequency. These 
oscillations are usually applied to the nozzle container. Since 
droplet flow cytometry is heavily utilized in both research and 
clinical environments, such systems have been the subject of much 

15 refinement. One of the facets of these systems which has been 
particularly challenging, however, is the aspect of controlling 
the drop formation. As to this aspect it has not only been 
difficult to practically achieve processing rates of much more 
than 4 0 kilohertz, it has also been difficult to deal with the 

20 incidents of using relatively high power to drive the oscillators 
involved. 

It should be noted that each of the challenges faced in the 
field of droplet formation for flow cytometers is largely unique 
to that field. Even seemingly similar fields such as those 

25 involving channel-type flow cytometers are not very analogous as 
they do not face such problems. Their operation as continuous 
flow devices rather than droplet formation devices makes much of 
the understandings available in that field inapplicable to the 
challenges and problems faced in flow cytometry droplet formation 

30 systems. 

To some degree the challeng s for droplet formation may be 
th result of th fact that although drop formation has been 
modeled with significant theoretical detail, in practice it still 
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remains a somewhat empirical subject. While on one level 
exhaustive mathematical predictions are possible, in practice 
th se predictions can b greatly temper d — and are often 

revised by the fact that materials limitations, inherent 

5 substance variations, and the like contribute heavily to the end 
result. A number of "advances" in this field have even proved 
to be either unnecessary or unworkable in practice. 

The level of oscillation energy required in order to achieve 
uniform droplet formation has, prior to the present invention, 
10 been very subject to empirical constraints. This power (often 
expressed as a voltage amplitude applied to a piezoelectric 
crystal oscillator) has previously been in the ten volt range. 
Unfortimately, this relatively high voltage not only results in 
a need for more robust circuitry, but it also has the undesirabl 
15 practical consequence of resulting in undesirable electromagnetic 
emissions. These emissions can impact the sensitivity of the 
flow cytometer or other nearby equipment. Further, as the desire 
for higher processing frequencies is pursued, this problem is 
compounded. Although these problems have been know for years, 
20 prior to the present invention it has apparently been an accepted 
attitude that in order to achieve higher frequencies, still 
higher oscillation energies are a physical requirement. This 
invention proves this expectation to be untrue. An example of 
the extremes to which this rational had been applied is shown in 
25 U.S. Patent No. 43 61400 to Gray where droplet formation 
frequencies in the range of 300 to 800 kilohertz had be n 
achieved. This design had required an oscillator powered by 
approximately 80 volts. The apparent physical requirement of 
higher powers in order to achieve higher droplet frequencies may 
3 0 have been one reason that most practical droplet flow cytometers 
operated only in the range of 10 to 50 kHz. The present 
invention shows that such a relationship is not a physical 
requirement and, in fact, shows that droplet formation speeds in 
the 100-200 kHz range are actually possible with only millivolts 
35 of power appli d to an oscillator. 
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Yet another problem practically ncoxant r d in this field 
was the challenge of resonances existing within the nozzle 
assembly. Again, this appears to have simply been accepted as 
a necessary incident of workable systems and may have resulted 
5 in an attitude among those having ordinary skill in the art that 
it was not practical to vary frequency without unacceptable 
changes in the performance of the entire system. There also 
seems to have been some confusion as to the appropriate way to 
apply the droplet forming oscillations. U*S. Patent No. 4302166 

10 shows that the oscillations are applied to the nozzle container 
perpendicular to the fluid flow, whereas, U.S. Patent No. 43 61400 
suggests applying the oscillations to the nozzle container 
parallel to the lines of flow. In fact, the present invention 
discloses that each of these systems are suboptimal in that they 

15 may even act to generate the resonances and variations in 
frequency response of the nozzle system. 

An even more paradoxical situation exists with respect to 
the problem of maintaining launinar flow within the nozzle system 
of a droplet flow cytometer. Although those having ordinary 

20 skill in this field have known for years that maintaining laminar 
flow was desirable, until the present invention, practical 
systems utilizing replacement tips have not been optimally 
designed so as to achieve the goal of truly laminar flow. For 
instance, U.S. Patent No. 4361400 as well as the 1992 publication 

25 by Springer Laboratory entitled "Flow Cytometry And Cell 
Sorting", each show replaceable nozzle tip designs in which 
laminar flow is disrupted at the junction between the nozzle body 
amd the nozzle tip. Again, such designs seem to present almost 
a paradox in that they obviously are not optim\im from perspective 

30 of a goal which has long been known as those having ordinary 
skill in the art. The present invention not 

only recognizes this goal but also demonstrates that a solution 
has been readily available. 

Y t another problem ncount r d in this field is th need 
35 to vary par am ters to optimize actual conditions encountered in 

-3- 
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processing. Again th ory and practic did not mix well. Whil 
systems wer usually design d for optimum conditions, in actual 
usage such conditions rar ly exist d. Thus, as U.S. Patent No. 
4070617 recognized, designs which allow variation of the 
substance output velocity within the sheath fluid were desirable. 
Although such systems permitted some variation, it was recognized 
that such variations necessarily made conditions within the flow 
cytometer suboptimal for the simple reason that there is a very 
definite physical relationship between the sheath substance and 
drop parameters which must be maintained. Since these parameters 
are well known to those having ordinary skill in the art (as also 
indicated in U.S. Patent No. 4302166), the variations required 
in practice appear to have been accepted as a necessary evil. 
To some extent, the resulting reduced resolution appears to hav 
been accepted without question. Again, the present invention 
realizes that approaches which moved conditions away from optimal 
were not a necessary incident of adapting to conditions 
practically encountered; it shows that solutions which allow for 
variation and yet maintain optimal flow conditions are possible. 

As explained, most of the foregoing problems had long been 
recognized by those having ordinary skill in the art. Solutions, 
however, had either been perceived as unlikely or not been 
recognized even though the implementing elements had long been 
available. This may also have been due to the fact that those 
having ordinary skill in the art may not have fully appreciated 
the nature of the problem or may have been due to an actual 
misunderstanding of the physical mechanisms involved. These 
appear to have included the misunderstanding that actually moving 
the nozzle was the proper way to induce the droplet forming 
oscillations and the simple failure to realize that it was 
possible to coordinate the desire for replaceable nozzle tips 
with the desire for laminar flow within the flow cytometer nozzle 
assembly. Similarly, those skilled in the art had long attempted 
to achieve higher frequency systems which were practically 
implementable and had attempt d to achiev variations which would 
to the larg st extent possible maintain optimal conditions. 
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Their attempts often led them away from the technical directions 
taken by the pres nt inv ntion and may even have resulted in the 
achievements of the pr s nt inv ntion being considered an 
unexpected result of the approach taken. 
5 ZZI. DZSCZtOSURB OF THE IHVEKTXOM 

The present invention involves a number of improvements 
which are applicable to a flow cytometer droplet system. These 
improvements each offer independent advantages and may be 
combined synergistically to produce a great increase in the 

10 performance of droplet flow cytometers. The preferred embodiment 
involves a piezoelectric oscillator contained within the sheath 
fluid above a continuously converging nozzle container. This 
nozzle container acts to amplify the oscillations which are 
directly and directional ly coupled to the sheath fluid. Further, 

15 the location of the substance introduction tube may be adjusted 
within a convergence zone so as to vary the rate at which the 
substance is introduced relative to the rate at which the sheath 
fluid is introduced to maintain optimal conditions. In addition, 
a replaceable nozzle tip is fit within an edge insert and sealed 

20 on its outer surface so as to maintain laminar flow and enhanc 
the amplification of the oscillation throughout the converging 
nozzle body. As a result of the combination of these various 
features, the present invention not only achieves practical 
processing at frequencies of many multiples of typical prior art 

25 devices, but it also achieves these processing rates at 
oscillation powers which are several orders of magnitude less 
than those typically utilized. 

Accordingly, one of the objects of the invention is to 
provide for a low power system which allows high processing 

30 rates. In keeping with this object, one goal is to achieve 
direct coupling of the oscillations to the sheath fluid and thus 
minimize any losses associated with material interfaces. In 
keeping with this object, another goal is to provide for a system 
which actually, amplifies the oscillations so as to produce 

35 acceptable fluid variations at the nozzle tip. 

-5- 
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Yet anoth r obj ct of the invention is to minimize th 
impacts of resonance fr qu nci s within th nozzle system. In 
keeping with this object, a goal is to directionally couple th 
oscillations to the sheath fluid. It is also a goal to isolate 
the oscillations from imparting upon the sheath fluid in more 
than the desired direction. 

A further goal of the invention is to provide for a system 
which allows for the maintenance of laminar flow within the 
entire nozzle assembly while allowing for both replaceable nozzle 
tips and for internal variations. The present invention achiev s 
the first object by providing a design which avoids the 
unnecessary impacts of a seal on the flow condition within the 
nozzle container. The second object is achieved by providing a 
system which varies the location at which a substance is 
15 introduced while still maintaining optimal, laminar conditi ns. 

Still another object of the invention is to provide for a 
practically implementable system. In keeping with this object, 
one goal is to provide a system which can be easily cleaned and 
for which components can be easily replaced. A goal is also 
providing a design which can be relatively easily and 
inexpensively manufactured. 



10 



20 



Naturally, further objects of the invention are disclosed 
throughout other areas of the specification and claims. 

IV. BRIEF DESCRIPTION OF THE DRAWIK68 

25 Figure 1 is a schematic cross sectional view of an 

embodiment of the invention showing the various features 
combined. 

Figure 2 is a plot of the droplet onset energy of prior art 
designs compared to that of the present invention. 

30 Figure 3 is a schematic cross sectional view of an 

alt rnative design showing the automatic substance adjustment 

-6- 
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f ature and a directiionally coupl d, ext rnal oscillator. 

Figure 4 is a cross sectional view of a replaceable tip 
design according to one embodiment of the invent ion • 

Figure 5 is a cross sectional view of a prior art 
5 replaceable nozzle tip design. 

V. BEST MODE FOR CARRYINO OUT THE INVENTION 
As mentioned, the present invention involves an improved 
flow cytometer droplet nozzle system which incorporates a variety 
of features- As shown in figvure 1, the flow cytometer system (1) 
10 involves nozzle container (2) which establishes nozzle volume 

(3) . Nozzle volxme (3) is supplied a liqpiid by sheath fluid port 

(4) which acts to introduce a sheath fluid from some sheath 
reservoir (5) . During operation, the sheath fluid flows through 
nozzle container (2) and out nozzle exit (6) into free fall area 

15 (7). 

Since the sheath fluid is typically an unreactive substance 
such as a saline fluid and is an analytically transparent, it has 
introduced within it some desirable substance such as cells or 
parts of cells or other items. This substance is maintained in 
20 substance reservoir (8) and is introduced to nozzle volxime (3) 
through substance introduction port (9) . Through hydrodynamic 
focusing, the substance flows and is separated into single cell 
units within the sheath fluid and exits at nozzle exit (6) . 

In order to form regular droplets, the preferred embodiment 
25 utilizes a piezoelectric crystal (10) to cause oscillations (11) 
within the sheath fluid. These oscillations are transmitted as 
pressure variations through to nozzle exit (6) and act to allow 
jet (12) to form regular droplets (13) through the action of 
surface tension. These processes are well understood and are 
3 0 further explained in a number of references including the 1992 
reference entitled ""Flow Cytometry and Cell Sorting*" by A. 
Radbruch ( Spring r-Verlag Berlin Held Iberg) and the 1985 
reference entitled "Fiow Cytometry: Instrumentation and Data 

-7- 
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Analysis- dit d by Marvin A. Van Dilla, et al. (« Academic Press 
inc. (London) Ltd.) ach of which are incorporated by reference. 

AS shown in figure 1, one of the features of the preferred 
embodiment is the location of piezoelectric crystal (10) within 
5 nozzle volume 3. By this feature the oscillator acts to initiate 
oscillations (11) within the nozzle volume. The oscillator thus 
may be directly coupled to the sheath fluid. These oscillations 
are transmitted through the sheath fluid as it flows out nozzle 
exit (6) and forms droplets (13) below nozzle (6) in freefall 

10 area (7). Naturally, although shown to be directly below it is 
possible that the nozzle assembly could be oriented on its side 
or in some other relationships and so droplets (13) might form 
at some other location and yet still be characterized as "below" 
nozzle tip (6) since they will form in the direction that jet 

15 (12) is emitted from nozzle exit (6) . 

As is well understood, by allowing sheath fluid and th 
substance to exit from nozzle container (2), cells or cell 
fragments may be isolated in singular fashion within separate 
droplets (13) for analysis by sensor (14) which feeds its 

20 information to analysis equipment (15). Analysis equipment (15) 
may provide the necessary data or may act to further process 
droplets (13) through some equipment such as an electrode in 
nozzle volume (3) in combination with sorting electrostatic fi Id 
equipment (16) as is well known in the art. When electrostatic 

25 potentials are applied, they may be applied differentially to 
each droplet based upon the delay in droplet formation. This 
analysis equipment (15) may also include a separate laser which 
induces fluorescence and the like in specific cells to allow 
further sensing and facilitate conducting analysis as well. 



30 



AS may be easily understood from f igxare 1, this type of flow 
cytometer, a droplet flow cytometer, operates quite differently 
from a channel forming flow cytometer. In channel-type flow 
cytometers, oscillators and the theories involved are not 
r levant as no freefall or droplet formation is required. 
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Further, while the nozzl exit orifice is approximat ly 50 to 150 
microns in diamet r in droplet forming flow cytometers, in 
channel-type flow cytometers, the orifice can be much larger — 
on the order of 1000 microns. This causes extremely different 
5 conditions and has resulted in the two fields being treated 
somewhat differently by those involved • 

Another feature of the invention is how the oscillator 
couples to actually cause the formation of droplets (13) . As 
shown in figxxre 1, the oscillator is in this embodiment 
10 piezoelectric crystal (10). While, naturally, a variety of 
different devices could be used in order to achieve oscillation 

(11) , by using piezoelectric crystal (10) a host of different 
frequencies and powers are possible. It should be understood, 
however, that while the use of some piezoelectric crystal is 

15 usually the preferred technique, the invention should not be 
considered as limited to that type of oscillator as its teachings 
can be broadly applied. 

As shown in figure 1, piezoelectric crystal (10) is 
configured as a ring-shaped cirystal which occupies most of the 

20 top end of nozzle container (2) . This ring is mounted directly 
to nozzle container (2) in a manner so as to be situated within 
nozzle voliame (3). It need not vibrate the nozzle container and, 
indeed is designed to avoid it. Its oscillations (11) may also 
be made to occur generally in a direction parallel to the central 

25 axis of nozzle container (2) as shown. Further, these 
oscillations (11) are essentially coupled to the sheath fluid, 
not to the nozzle container. Thus, rather than taking the 
directions suggested by some of the prior art involving moving 
the actual nozzle container, the present invention acts directly 

30 upon the sheath fluid to cause pressxire variations within the 
sheath fluid. These pressure variations move down nozzle volume 
(3) and may actually be amplified by the shape of nozzle 
container (2) so as to cause surface tensions variations in jet 

(12) as it merg s from nozzl exit (6). These variations act 
35 to pinch off jet (12) and thus form droplets (13). Since the 

-9- 
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sh ath fluid is not substantially compressible, these pressure 
variations may pass relatively unattenuated and in fact may be 
amplifi d through nozzle volume (3) to achieve the d sired 
droplet formation effect. While others may have considered the 
5 desire to coupling directly to the sheath fluid, they failed to 
recognize ways to do this and did not recognize that they could 
have positioned the oscillator within the sheath fluid for most 
efficient coupling. 

Both the direct coupling of oscillations (11) to the sheath 
10 fluid and the directional nature of the oscillations (11) 
contribute to the invention's ability to achieve droplet 
formation at power levels which are several orders of magnitude 
less than those of the prior art. As may be understood from 
figure 1, piezoelectric crystal (10) may directly transfer the 
15 vast majority of its energy to the sheath fluid. To further 
enhance the transfer of the majority of the energy into the 
sheath fluid (rather than the nozzle as often suggested by the 
prior art) , the invention may also incorporate the designing of 
massive nozzle container elements so as to minimize the transfer 
20 of energy through these elements. As may be easily understood, 
by positioning the oscillator within the sheath fluid, frequ ncy 
dependencies and resonances which are caused by the vibration of 
the entire nozzle container can be greatly reduced. Thus, 
contrary to the teachings of the prior art which suggested 
25 vibrating the entire nozzle container, the present invention can 
specifically avoid such vibrations. This acts to avoid resonanc 
frequencies as might occur through vibrations perpendicular to 
the lines of flow which may be inevitable whenever the entir 
nozzle assembly is vibrated. Contrary to those teachings which 
30 have suggested mounting the entire nozzle assembly on a f lexibl 
membrane so as to allow the entire nozzle assembly to move, the 
present invention relies not on movement of nozzle container (2) 
but rather on pressure waves within the sheath fluid in nozzl 
volume (3). This aspect greatly reduces the amount of power 
35 necessary to caus droplet formation and greatly reduc s the 
appearance of r sonance fr qu ncies which occur as a r suit of 

-10- 
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the entir vibration of nozzle container (2) among other aspects. 

Ref rring to figure 2 , the dramatic impact of these 
reductions can be understood. Figure 2 shows a conceptual plot 
of the rough energy of droplet formation onset versus frequency 
5 anticipated for the present invention. As shown in figure 2, the 
nergy (expressed in terms of volts applied to a given 
piezoelectric crystal) is reduced by orders of magnitude. This 
reduction has been demonstrated for a number of frequencies. As 
shown in figure 2, the prior art which typically operated in the 
10 10 volt range now only requires ten millivolts or so. 

In addition, as shown in figxire 2, it can be seen that the 
prior art was also subject to a great number of resonance 
frequency variations (shown by the pe£Ocs and valleys in the plot 
of the prior art) . These peaks and valleys were to a large 

15 extent caused not only by the amount of power required but also 
by designs which were based upon movement of the entire nozzle 
assembly rather than merely pressure waves within the nozzle 
assembly. In sharp contrast to the prior art characteristic 
conceptually shown in Figure 2, the present invention not only 

20 achieves droplet formation with dramatically lower voltages but 
it also achieves these levels over a relatively large frequency 
range with very small resonance variations compared to those of 
the prior art. These relative plots are believed to represent 
significant differences in result between prior art designs and 

25 those of the present invention. While naturally variations will 
occur due to the particular nozzle designs ultimately chosen, it 
is believed that through the teachings of the present invention 
these dramatic variations should be practically achievable in 
many cases. 

30 Referring again to figure 1, it can be seen that besides 

merely positioning the oscillator within nozzle volume (3) , the 
embodiment also is designed to minimize the number of material 
inter fac s through which th oscillations must pass b fore being 
imparted upon the sheath fluid. While, naturally, it would be 

-11- 
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possibl to position piezoelectric crystal (10) directly exposed 
to the sheath fluid, for contamination and other reasons, the 
preferred embodiment allows for the inclusion of protective 
coating (17) over piezoelectric crystal (10). This protective 
5 coating (17) may actually be some type of epoxy or other coating 
which has no tendency to interfere either with the sheath 
material or the oscillations (11) of piezoelectric crystal (10). 
Again, contrary to the teachings of the prior art which involve 
numerous material interfaces between the oscillator and th 

10 sheath fluid, the present invention minimizes the number of 
material interfaces through which oscillations (11) must pass. 
Since any change in material can cause reflection and energy 
losses, the preferred design allows for only one interface 
material such as protective coating (17). Thus, only one 

15 interface material exists between oscillator surface (18) and th 
sheath fluid. By positioning piezoelectric crystal (10) within 
nozzle volume (3) not only can the interface material be limited 
to the simple epoxy coating mentioned, but also, the oscillator 
surface (18) can be positioned so as to face directly to the 

20 sheath fluid. 

AS mentioned, another aspect which helps the invention 
achieve its extraordinary reduction in oscillation drive power 
is the fact that the oscillator is directional ly coupled to th 
sheath fluid. In order to avoid resonances and en rgy 

25 transmissions in other than the desired direction, the pres nt 
invention recognizes that unidirectional coupling is desirable. 
In order to achieve this, as shown in figure 1 the embodiment 
provides for positioning piezoelectric crystal (10) so that it 
is detached from the sides of nozzle container (2) . Since all 

30 piezoelectric crystals act in a manner so as to conserve volume 
during oscillations, this avoids coupling the inherent 
perpendicular oscillations to nozzle container (2). Again, 
through this recognition, the invention can achieve a uniform 
pressure wave within the sheath fluid. Since oscillator surfac 

35 (18) is ori nted p rpendicular to the primary flow direction, the 
oscillations (11) are coupled substantially only as a flow 
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direction deemed to be primary, whether the average flow 
direction, a specific location's flow dir ction, or ven the 
direction at the nozzle exit (6). This allows for th 
oscillations to be unidirectionally applied to the sheath fluid 
5 and also aids in the reduction of resonance frequencies. As 
shown in figures 1 and 3 , this unidirectional coupling can be 
achieved through the inclusion of a directional isolator (19) . 
As shown in figure 3, directional isolator (19) may be a separate 
element such as a rubber or other material which does not 

10 transmit frequencies of the predominant oscillation frequency. 
As shown in figure 1, the directional isolator (19) may actually 
be spacer (20) . Spacer (20) may be a separate element or, as 
shown in figure 1, may be an intecpral portion of the top or cap 
of nozzle container (2) so as to simply act to space oscillator 

15 side (21) away from nozzle container (2). The unidirectional 
coupling of oscillations (11) to the sheath fluid may be enhanced 
by making oscillator surface (13) planar as shown in figure 1 and 
by m20cing it cover most of the top siirface area. The oscillator 
is thus established substantially throughout a perpendicular 

20 cross sectional area (perpendicular to the primary flow 
direction) and will cause oscillations throughout it. Thus the 
ring shaped crystal design coordinates the desire to maocimize the 
surface area of oscillator surface (18) with the unidirectional 
desire by making it match the typically circular cross section 

25 of nozzle container (2) . Naturally other shapes can also be 
used. Further, the coupling, shown in figure 1 and in figure 3 
as the portion of the top section of the nozzle container (2) may 
also be planar and may also be coupled along only one plane. 
These each contribute to making the main oscillation area cause 

30 only one direction of oscillation as can be easily understood. 

To further enhance the reduction in oscillation power 
achievable through the present invention, nozzle container 2 is 
also designed as a continuously converging nozzle container. 
This acts to not only maintain laminar flow throughout nozzle 
35 volume (3), but also to effectively amplify oscillations (11) as 
they travel in pressur waves through the sheath fluids from 
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piezoel ctric crystal (10) to nozzl xit (6). As may be 
understood from figure 1, by continuously converging it is not 
meant that nozzle volume (3) must constantly or uniformly 
converge throughout its length, rather, it need only converge at 
5 all locations. Thus, nozzle volume (3) has a largest cross- 
sectional area located at or near its top and has continuously 
diminishing cross-sectional areas along its length through to 

nozzle exit (6) . 

Having a continuously converging nozzle container also helps 

10 in maintaining laminar flow up to nozzle exit (6) . In this 
regard nozzle exit (6) should be understood to exist not only at 
the actual end location of the orifice but more accurately at the 
point at which there is a significant increase in the pressure 
gradient so as to make changes in the angle of convergence less 

15 important. Unlike the teachings of the prior art which 
frequently involve straight cylindrical sections within nozzle 
container (2), this aspect of the invention specifically avoids 
such possibilities. This is somewhat surprising and may be 
treated with skepticism by those of ordinary skill in the art 

20 because traditional theories provide that once laminar flow is 
established such flow should continue in most applications when 
the nozzle container does not expand sharply. In contrast, this 
aspect of the invention suggests otherwise. While these 
traditional laminar flow theories may be appropriate in som 

25 instances, the continuous convergence of the sheath fluid appears 
desirable in most droplet flow cytometers. To some extent this 
may be due to the fact that the required acceleration of the 
sheath fluid and pressure, and the resulting increase in the 
friction of the sheath fluid against nozzle container (2), each 

30 make a constant convergence desirable to avoid nonlaminar flow 
results. Basically it has been empirically found that through 
a continuously converging nozzle container optimal conditions for 
maintaining laminar flow can be created. 



35 



m addition to the aspect of maintaining laminar flow, the 
continuously converging nozzl contain r can provide 
amplification of the oscillations (11). Similar to horn and 
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otiher d signs, the continuous convergence combines with the 
principals of conservation of energy so that the amplitude of the 
oscillations actually increases as it passes from piezoel ctric 
crystal (10) to nozzle exit (6) • This amplification may be 
5 maximized not only by positioning the oscillator at or near the 
largest cross-sectional area but also by maJcing oscillator 
surface (18) to have an area substantially as large as the 
largest cross-sectional area. In this regard by "substantially" 
it is meant that the oscillator should be as large as practically 

10 possible after consideration of the typical desire to introduce 
substance through the center axis of nozzle volume (3) as well 
as this invention's unique desire to maintain oscillator side 
(21) spaced apart from nozzle container (2) . The amplification 
may also be enhanced by providing for continuous convergence from 

15 sheath fluid port (4) through to nozzle exit (6) . As mentioned 
earlier, each of the foregoing aspects also contribute to the 
present invention's extraordinary reduction in input power 
requirements. 

To create oscillations (11), piezoelectric crystal (10) is 
20 powered through an alternating voltage source (22) as those 
skilled in the art can easily understand. Through the teachings 
of the present invention, alternating voltage source (22) may be 
configured to stimulate the oscillator with the voltage amplitude 
of less than 100 millivolts and thus represents orders of 
25 magnitude of reduction in the typical voltage applied to 
piezoelectric crystals in such systems. This voltage may be 
greater than 10 millivolts or so as that was a representative 
level at which droplet formation seems to occur. It should be 
iinderstood, however, that this limitation should not be taken as 
30 a lower limit since the teachings of this invention may become 
refined amd alternative designs may be developed which result in 
further reduction in power. 

Yet another independent feature of the present invention is 
its design to allow the nozzl section to be easily replaced or 
35 cl an d whil permitting laminar flow. Referring to figur 4, 
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it can be se n that the entire nozzle contain r (2) may be made 
of several c mponents. Nozzle container (2) may consist of cap 
section (23) to which pi zoelectric crystal (10) may be attached. 
Cap section (23) may be attached in some sealing fashion or may 
5 even be integral to nozzle body (24) as shown in figure 1. 
Similarly, nozzle body (24) may be sealingly attached to nozzle 
tip (25) . Each of these seals may consist of O-rings as but one 
example of the types of seals shown in figure 4. Nozzle tip (25) 
may be a ceramic fabricated item which includes an exit situat d 
10 at its tip. This exit may actually be an orifice made through 
techniques known by those skilled in the art (such as the use of 
tungsten wire and the like) so as to create a small orifice of 
about 50 to 150 microns in diameter. 

Unlike the designs shown in the prior art such as those 

15 shown in figure 5, nozzle tip (25) need not be sealed to nozzle 
body (24) on its inner surface. Instead, the nozzle body inner 
surface (26) joins smoothly with the nozzle tip inner surface 
(27) at tip joint (28). This smooth transition is to the d gr e 
necessary to maintain laminar flow in the particular application. 

20 It can be achieved through the inclusion of edge insert (29) 
within nozzle body (24) so as to allow nozzle tip (25) to be 
inserted into nozzle body (24). In this fashion seal (30) can 
be positioned so as to contact the outer surface (31) of nozzle 
tip (25) and thus avoid any adverse impacts on laminar flow 

25 within nozzle volume (3) . By locating seal (30) off of inner 
surface (27) of nozzle tip (25) , the seal can be kept away from 
areas which are important to laminar flow. As may be understood, 
a great variety of designs may be accomplished to achieve this 
goal. Importantly, it should be understood that inner surface 

30 (27) of nozzle tip (25) is defined merely with respect to its 
function, namely, the surface which contacts and directs the flow 
of sheath fluid of nozzle volume (3). Further, the definition 
of "smooth" is also relatively defined as those transitions which 
do not significantly interrupt laminar flow and thus do not 
3 5 degrade the performance of th flow cytometer. It should also 
be understood that the seal between any two components such as 
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th seal between nozzle body (24) and nozzle tip (25) may be 
direct r indirect through the use of interv ning materials or 
components . 

Yet another independent aspect of the invention is the 
5 aspect of being able to adjust the location at which the 
substance is introduced* As mentioned earlier, those skilled in 
the art have long recognized the need to achieve variations in 
the entire process to accommodate variations in conditions 
practically experienced* As shown in figure 3, the present 

10 invention affords the ability to vary the rate at which substance 
is introduced without disrupting laminar flow and the like* This 
is achieved through positioning substance introduction port (9) 
within convergence zone (32) as may be easily understood and by 
varying the location of substance introduction port (9) within 

15 convergence zone (32) . As shown, substance introduction port (9) 
may move along the primary flow direction to maintain an optimal 
relationship to the flow of the sheath fluid. Through this 
technique, the relative concentrations of the substance 
introduced and the sheath fluid can be varied* This can act to 

20 avoid the resolution drop and the like which the prior art 
appeared to consider unavoidable as they adapted to changing 
conditions* 

Further, since it may be desirable to maintain equal 
velocities at substance introduction port (9) , and since 

25 substance tube (33) may be moved, it is possible to include a 
controller (34) which receives signals from some type of sensor 
(14) and which may act to control a movement mechanism (35) and 
thus automatically adjust the location of substance introduction 
port (9) within nozzle container (2) . Further, controller (34) 

30 may act to additionally control the pressure of substance 
reservoir (8) and sheath reservoir (5) for automatic correlation 
of the various factors based upon location or other parameters 
sensed. Since the theoretical relationship between these factors 
is w 11 known for optimal conditions and since th programming 

35 or wiring of such a design could be asily achieved by those 
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Skilled in the art, a variety of designs may be implem nted to 
achieve this goal. Giv n the great variety of flow cytometer 
systems possible, it should be understood that a great vari ty 
of sensed values may be used ranging from concentration of the 
5 substance contained within substance reservoir (8) , to the actual 
location of substance introduction port (9), to the pressure of 
the various sheath fluid or substance fluids, to some other 
property of the substance sensed by sensor (14) . Each of these 
or any combination of them and other factors — may be 

10 adjusted automatically to achieve desired relationships or to 
simply optimize results without regard to the actual predicted 
values. Naturally, in keeping with this broad concept it should 
be understood that sensor (14) may not be just one sensor but may 
in fact be a host of different sensors positioned at various 

15 locations depending upon the particular condition existing within 
the flow cytometer desired to be sensed. While, of course, the 
sensor (14) will only ascertain specific values, these values can 
indicate results which may be used to more appropriately adjust 
the location of the substance introduction port. 

20 Similarly, a host of different designs for the location 

adjuster (shown in figure 3 as movement mechanism (35)) are 
possible. The location adjuster may also include some typ of 
screw means (36), that is, some type of device which allows 
relatively continuous movement with fine adjustment. It may also 

25 include telescoping substance tube (37) (shown in figure 3 as 
potentially a redundant location adjuster for illustrative 
purposes only) or perhaps some type of slide design through th 
cap section. In applications in which the conditions r main 
relatively stable, a replacement substance tube of fixed length 

30 may also be provided. Thus, various substance tubes may be 
selected based upon the conditions encountered in that particular 
type of application. In this fashion, the limitation experienc d 
by the prior art whereby variations in pressure were used but 
undesirably resulted in unequal fluid velocities at the location 

35 of substance introduction port (9) can b avoid d. This affords 
an incr as in th r solution. 
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The foregoing discussion and the claims which follow 
d scribe the preferr d embodim nt of th present invention. 
Particularly with respect to the claims and the broad concept 
discussed, it should be understood that changes may be made 
5 without departing from the essence of this patented invention. 
It is intended that changes are permissible to accommodate 
varying applications and will still fall within the scope of this 
patent. It is simply not practical to describe and claim all 
possible revisions nor is it practical to claim all combinations 

10 of the varying features. To the extent revisions utilize the 
essence of the present invention, each would naturally fall 
within the breath or protection encompassed by this path. This 
is particularly true for the present invention since its basic 
concepts and understandings are fundaunental in nature and can be 

15 broadly applied. It is also particularly true since the present 
invention involves a ntimber of potentially independent features 
which may be combined in synergistic ways for particular 
applications. 
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VI . CXAIKS 

I claim: 

1. A method of creating a droplet from a jet of a flow 
cytometer comprising the steps of: 

a. establishing a nozzle volxime; 

b. introducing a flow of sheath fluid into said nozzle 
volume; 

c. introducing a flow of a substance within said sheath 
fluid in said nozzle volume; 

d. establishing an oscillator coupled to said nozzle 
volvime ; 

e. applying an alternating voltage with an amplitude of 
less than one hundred millivolts to said oscillator; 

f. allowing said sheath fluid to exit from said nozzle 
volume; and 

g. forming at least one droplet from said sheath fluid 
after allowing said sheath fluid to exit from said 
nozzle volume. 

2. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 1 wherein the amplitude of 
said alternating voltage is about ten millivolts. 

3. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 1 wherein said oscillator 
is established within said nozzle volxxme. 

4. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 3 wherein said nozzle 
volume has a perpendicular cross sectional area and wherein 
said oscillator is established substantially throughout 
said perpendicular cross sectional area. 

5. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 3 wherein said oscillator 
is unidirectionally coupled to said sheath fluid. 



wo 96/12171 



PCT/US95/13308 



6. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 1, 4, or 5 and further 
comprising the step of continuously converging said sheath 
fluid within said nozzle volume. 

7. A system for creating a droplet from a jet of a flow 
cytometer comprising: 

a. a nozzle container establishing a nozzle volxme and 
having a nozzle exit; 

b. a sheath fluid port located within said nozzle volume 
wherein said sheath fluid port introduces a sheath 
fluid; 

c. a substance introduction port located within said 
nozzle volume; 

d. an oscillator to which said sheath fluid is 
responsive; 

e. an alternating voltage source having an alternating 
voltage amplitude of less than one hundred millivolts 
connected to said oscillator; and 

f. a free fall area below said nozzle exit and within 
which said droplet forms. 

8. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 7 wherein said alternating 
voltage amplitude is about ten millivolts* 

9. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 7 wherein said oscillator 
is within said nozzle container. 

10. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 9 wherein said nozzle 
container has a cap section and wherein said oscillator 
comprises a piezoelectric crystal contained within said 
sheath fluid and attach d to said cap section. 
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11. A system for creating a droplet from a j t of a flow 
cytometer as described in claim 10 wherein said sheath 
fluid port introduc s a sh ath fluid, wherein said 
oscillator has an oscillator surface which faces said 
sheath fluid, and further comprising an interface material 
between said oscillator surface and said sheath fluid which 
consists essentially of a protective coating. 

12. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 9 wherein said nozzl 
container has a largest perpendicular cross sectional area 
and wherein said oscillator is located at said largest 
perpendicular cross sectional area and is substantially as 
large as said largest perpendicular cross sectional area. 

13. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 10 wherein said oscillator 
has an oscillator side and further comprising a spacer 
which maintains said oscillator side detached from said 
nozzle container. 

14. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 7 or 12 wherein said nozzle 
container continuously converges. 

15. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 14 wherein said converging 
nozzle container continuously converges from said sheath 
fluid port to said nozzle exit. 

16. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 14 wherein said converging 
nozzle container comprises: 

a. a nozzle body having an inner surface; 

b. a nozzle tip having an inner surface; and 

c. a seal located off of said inn r siirface of said 
nozzl tip and to which both said nozzl body and said 
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nozzle tip are r sponsive. 

A method of creating a droplet from a j t of a flow 
cytometer comprising the steps of: 

a. establishing a nozzle voluune; 

b. introducing a flow of sheath fluid into said nozzle 
volume ; 

c. introducing a flow of a substance within said sheath 
fluid in said nozzle volume; 

d. initiating an oscillation within said nozzle volume; 

e. allowing said sheath fluid to exit from said nozzle 
volume; and 

f. forming at least one droplet from said sheath fluid 
after allowing said sheath fluid to exit from said 
nozzle volume. 

A method of creating a droplet from a jet of a flow 
cytometer as described in claim 17 wherein said step of 
initiating an oscillation within said nozzle volume 
comprises the step of establishing an oscillator within 
said sheath fluid. 

A method of creating a droplet from a jet of a flow 
cytometer as described in claim 17 wherein said oscillation 
passes through a material interface and further comprising 
the step of minimizing the number of material interfaces 
which said oscillation must pass through. 

A method of creating a droplet from a jet of a flow 
cytometer as described in claim 19 wherein said oscillation 
is created by an oscillator and wherein said oscillation 
passes through only a protective coating on said oscillator 
before imparting on said sheath fluid. 

A method of creating a droplet from a jet of a flow 
cytometer as described in claim 19 wher in the flow of said 
sheath fluid has a primary flow direction and wherein said 
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St p of minimizing the number of material interfaces which 
said oscillation must pass through comprises the step of 
coupling said oscillation in substantially only said 
primary flow direction. 

5 22. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 17 and further comprising 
the step of directly transferring said oscillation to said 
sheath fluid. 

23. A method of creating a droplet from a jet of a flow 
10 cytometer as described in claim 17, 18, or 22 and further 

comprising the step of unidirectionally applying an 
oscillation to said sheath fluid. 

24. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 23 and further comprising 

15 the step of directionally isolating said oscillation. 

25. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 17 and further comprising 
the step of directionally isolating said oscillation. 

26. A method of creating a droplet from a jet of a flow 
20 cytometer as described in claim 24 wherein said step of 

isolating said oscillation comprises the step of coupling 
said oscillation to said sheath fluid along only one plane. 

27. A system for creating a droplet from a jet of a flow 
cytometer comprising; 

25 a. a nozzle container establishing a nozzle volume and 

having a nozzle exit; 
b. a sheath fluid port located within said nozzle volume 
wherein said sheath fluid port introduces a sheath 
fluid; 

30 c. a substanc introduction port located within said 

nozzle volume; 
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d. an oscillatior within said nozzl container; and 

e. a free fall ar a below said nozzle exit and within 
which said droplet forms. 

28. A system for creating a droplet from a jet of a flow 
5 cytometer as described in claim 27 wherein said sheath 

fluid port introduces a sheath fluid and wherein said 
oscillator comprises a piezoelectric crystal contained 
within said sheath fluid. 

29. A system for creating a droplet from a jet of a flow 
10 cytometer as described in claim 27 wherein said sheath 

fluid port introduces a sheath fluid, wherein said 
oscillator has an oscillator surface which faces said 
sheath fluid, and further comprising an interface material 
between said oscillator surface and said sheath fluid which 
15 consists essentially of a protective coating. 

30. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 27 wherein said nozzle 
container comprises: 

a. a cap section; 
20 b. a nozzle body sealed to said cap section; and 

c. a nozzle tip having said nozzle exit situated thereon, 
wherein said nozzle tip is sealed to said nozzle body, 
and wherein said sheath fluid flows through said 
nozzle tip. 

25 31. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 27 wherein said oscillator 
has an oscillator surface which faces said sheath fluid and 
wherein said oscillator surface is planar. 

32. A system for creating a droplet from a jet of a flow 
3 0 cytometer as described in claim 27 or 28 wherein said 

sheath fluid port introduces a sheath fluid and further 
comprising a coupling which is only planar and which 
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couples said oscillator to said sheath fluid. 

33. A system for creating a dropl t from a j t of a flow 
cytometer as described in claim 32 and further comprising 
a directional isolator between said oscillator and said 
nozzle container. 

34. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 3 3 wherein said oscillator 
emits a predominant frequency and wherein said directional 
isolator is effective at said predominant frequency. 

35. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 33 wherein said oscillator 
has an oscillator side and wherein said directional 
isolator comprises a spacer which maintains said oscillator 
side detached from said nozzle container. 

36. A method of creating a droplet from a jet of a flow 
cytometer comprising the steps of: 

a. establishing a nozzle volume; 

b. introducing a flow of sheath fluid into said nozzl 
volume; 

c. introducing a flow of a substance within said sheath 
fluid in said nozzle volume; 

d. iinidirectionally applying an oscillation to said 
sheath fluid; 

e. allowing said sheath fluid to exit from said nozzle 
volume; and 

f. forming at least one droplet from said sheath fluid 
after allowing said sheath fluid to exit from said 
nozzle volume. 

37. A method of creating a droplet from a jet of a f 1 w 
cytometer as described in claim 3 6 wherein said step of 
unidir ctionally applying an oscillation to said sheath 
fluid compris s th step of directionally isolating said 



wo 96/12171 



PCr/US95/13308 



oscillatiion. 

38. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 37 wherein said step of 
isolating said oscillation comprises the step of coupling 

5 said oscillation to said sheath fluid along only one plane. 

39. A system for creating a droplet from a jet of a flow 
cytometer comprising: 

a. a nozzle container establishing a nozzle volume and 
having a nozzle exit; 
10 b. a sheath fluid port located within said nozzle volume 

wherein said sheath fluid port introduces a sheath 
fluid; 

c. a substance introduction port located within said 
nozzle volume; 

15 d. a free fall area below said nozzle exit and within 

which said droplet forms; 

e. an oscillator to which said sheath fluid is 
responsive; and 

f. a unidirectional coupling which couples said 
20 oscillator to said sheath fluid. 

40. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 39 wherein said 
unidirectional coupling comprises a surface which is only 
planar. 

25 41. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 3 9 and further comprising 
a directional isolator between said oscillator and said 
nozzle container. 

30 42. A system for creating a droplet from a jet of a flow 
cytometer as d scribed in claim 41 wherein said oscillat r 
emits a predominant frequency and wherein said directional 
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isolator is effective at said predominant frequency. 

43. A syst m for creating a droplet from a jet of a flow 
cytometer as described in claim 41 wherein said oscillator 
has an oscillator side and wherein said directional 
isolator comprises a spacer which maintains said oscillator 
side detached from said nozzle container. 

44. A method of creating a droplet from a jet of a flow 
cytometer comprising the steps of: 

a. establishing a nozzle volume; 

b. introducing a flow of sheath fluid into said nozzle 
volime ; 

c. continuously converging said sheath fluid; 

d. introducing a flow of a substance within said sheath 
fluid in said nozzle volume; 

e. allowing said sheath fluid to exit from said nozzle 
volume ; and 

f. forming at least one droplet from said sheath fluid 
after allowing said sheath fluid to exit from said 
nozzle volume. 

20 45. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 44 wherein said flow 
cytometer has a nozzle body and nozzle tip and wherein said 
step of continuously converging said sheath fluid comprises 
the step of establishing a smooth transition from said 

25 nozzle body to said nozzle tip. 

46. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 44 wherein said nozzle 
volume has a largest perpendicular cross sectional area and 
further comprising the step of applying an oscillation to 
said sheath fluid at said largest perpendicular cross 
sectional area. 

47. Am thod of creating a droplet from a jet of a flow 
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cytometer as described in claim 4 6 wherein said step of 
applying an oscillation to said sheath fluid is 
accomplished substantially throughout said largest 
perpendicular cross sectional area. 

5 48. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 44 and further comprising 
the step of establishing an oscillator within said sheath 
fluid. 

49. A method of creating a droplet from a jet of a flow 
10 cytometer as described in claim 48 wherein said oscillator 

establishes an oscillation and wherein said oscillation 
passes through a material interface and further comprising 
the step of minimizing the numJDer of material interfaces 
which said oscillation must pass through. 

15 50. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 49 wherein said oscillation 
passes through only a protective coating on said oscillator 
before imparting on said sheath fluid. 

51. A method of creating a droplet from a jet of a flow 
20 cytometer as described in claim 49 wherein the flow of said 

sheath fluid has a primary flow direction and wherein said 
step of minimizing the number of material interfaces which 
said oscillation must pass through comprises the step of 
coupling said oscillation in substantially only said 
25 primary flow direction. 

52. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 48 and further comprising 
the step of directly coupling said oscillator to said 
sheath fluid. 

30 53. A method of creating a droplet from a jet of a flow 
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cytometer as described in claim 44, 48, 49 or 51 and 
further comprising the step of unidirectionally applying an 
oscillation to said sheath fluid. 

54. A method of creating a droplet from a jet of a flow 
5 cytometer as described in claim 53 and further comprising 

the step of directionally isolating said oscillation. 

55. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 54 wherein said st p of 
isolating said oscillation comprises the step of coupling 

10 said oscillation to said sheath fluid along only one plan . 

56. A system for creating a droplet from a jet of a flow 
cytometer comprising: 

a. a continuously converging nozzle container 
establishing a nozzle volume and having a nozzle exit; 
15 b. a sheath fluid port located within said nozzle volxime 

wherein said sheath fluid port introduces a sheath 
fluid; 

c. a substance introduction port located within said 
nozzle voliane; and 



20 



57, 



d. a free fall area below said nozzle exit and within 
which said droplet forms. 



A system for creating a droplet from a jet of a flow 
cytometer as described in claim 56 wherein said 
continuously converging nozzle container comprises: 
25 a. a continuously converging nozzle body having an inner 

surface; 

b. a continuously converging nozzle tip having said 
nozzle exit situated thereon, wherein said 
continuously converging nozzle tip has an inner 

3Q surface and is sealed to said nozzle body, and wherein 

said sheath fluid flows through said nozzle tip; and 

c. a tip joint wh rein said tip joint smoothly 
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transitions the inner surface of said nozzle body to 
the inner surface of said n zzle tip. 

58. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 56 wherein said converging 
nozzle container continuously converges from said sheath 
fluid port to said nozzle exit. 

59. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 56 wherein said nozzle 
container has a largest perpendicular cross sectional ar a 
and further comprising an oscillator to which said sheath 
fluid is responsive and which is located at said largest 
perpendicular cross sectional area. 

60. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 59 wherein said oscillator 
has an oscillator surface area and wherein said oscillator 
surface area is substantially as large as said largest 
perpendicular cross sectional area. 

61. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 56 and further comprising 
an oscillator within said converging nozzle container. 

62. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 61 wherein said oscillator 
comprises a piezoelectric crystal contained within said 
sheath fluid. 

63. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 62 wherein said oscillator 
has an oscillator surface which faces said sheath fluid, 
and further comprising an interface material between said 
oscillator surface and said sheath fluid which consists 

ss ntially of a protective coating. 
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64. A system for cr ating a droplet from a jet of a flow 
cytometer as described in claim 56 and further comprising: 
a. an oscillator to which said sheath fluid is 

responsive; and 

5 b. a coupling which is only planar and which couples said 

oscillator to said sheath fluid. 

65. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 61 or 63 and further 
comprising a coupling which is only planar and which 

3^0 couples said oscillator to said sheath fluid. 

66. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 64 and further comprising 
a directional isolator between said oscillator and said 
nozzle container. 

15 67. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 66 wherein said oscillator 
emits a predominant frequency and wherein said directional 
isolator is effective at said predominant frequency. 

68. A system for creating a droplet from a jet of a flow 
20 cytometer as described in claim 66 wherein said oscillator 

has an oscillator side and wherein said directional 
isolator comprises a spacer which maintains said oscillator 
side detached from said nozzle container. 

69. A method of creating a droplet from a jet of a flow 
25 cytometer comprising the steps of: 

a. establishing a nozzle volvime; 

b. introducing a flow of sheath fluid into said nozzle 
volxune ; 

c. converging said sheath fluid in a convergence zone; 
30 d. introducing a flow of a substance at a location within 

said sheath fluid in said convergence zone; 
adjusting the location at which said substance is 



e. 
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introduced within said convergence zon ; 

f . allowing said sheath fluid to exit fr m said nozzle 
velum ; and 

g. forming at least one droplet from said sheath fluid 
5 after allowing said sheath fluid to exit from said 

nozzle volume. 

70. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 69 wherein said step of 
adjusting the location at which said substance is 

10 introduced within said convergence zone comprises the step 

of establishing the desired concentration of said substance 
relative to said sheath fluid. 

71. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 69 or 70 wherein said step 

15 of adjusting the location at which said substance is 

introduced within said convergence zone comprises the step 
of establishing laminar flow of said substance within said 
sheath fluid. 

72. A method of creating a droplet from a jet of a flow 
20 cytometer as described in claim 69 and further comprising 

the step of conducting an analysis of said droplet and 
wherein said step of adjusting the location at which said 
substance is introduced within said convergence zone 
comprises the step of optimizing the results of said 
25 analysis. 

73. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 69 wherein said step of 
adjusting the location at which said substance is 
introduced within said convergence zone is automatic. 

30 74. A method of creating a droplet from a jet of a flow 
cytom t r as described in claim 72 wh rein said st p of 
adjusting th location at which said substance is 
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introduc d within said c nvergence zon comprises the steps 
of: 

a. sensing values representativ of conditions within 
said flow cytometer; and 

5 b. automatically moving said location based upon said 

sensed values. 

75. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 74 wherein said conditions 
are at least one of the following: 

10 a. the pressure of said sheath fluid; 

b. the pressure of said substance; 

c. the location at which said droplet is formed; 

d. the rate at which droplet is determined to contain 
some of said substance; or 

15 e. a property of said substance. 

76. A method of creating a droplet from a jet of a flow 
cytometer as described in claim 69 wherein said substanc 
is introduced through a substance tube and wherein said 
step of adjusting the location at which said substance is 

20 introduced within said convergence zone comprises the step 

of replacing said substance tube. 

77. A system for creating a droplet from a jet of a flow 
cytometer comprising: 

a. a nozzle container establishing a nozzle volume and 
25 having a nozzle exit; 

b. a sheath fluid port located within said nozzle volume 
wherein said sheath fluid port introduces a sheath 
fluid; 

c. a flow I convergence zone within said nozzle volume; 

30 d. a sxibstance introduction port located within said flow 

convergence zone ; 

e. a location adjuster to which said substance 
introduction port is r sponsiv ; 

f. a fre fall area b low said nozzle xit and within 
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which said droplet forms. 

78. A syst XD for cr ating a droplet from a j t of a flow 
cytometer as described in claim 77 wherein said substance 
introduction port comprises a substance tube having a fixed 

5 length and wherein said location adjuster comprises a 

replacement substance tube. 

79. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 77 wherein said convergence 
zone has a primary flow direction and wherein said location 

10 adjuster comprises a screw means which moves said substance 

introduction port along said primary flow direction. 

80. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 79 wherein said location 
adjuster comprises a telescoping substance tube which moves 

15 said substance introduction port along said primary flow 

direction. 



81. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 77 and wherein said 
location adjuster comprises: 
20 a. a sensor; 

b. a controller responsive to said sensor; and 

c. a movement mechanism responsive to said controller 
and wherein said substance introduction port is 
responsive to said movement mechanism. 

25 82. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 81 wherein said substance 
introduction port introduces a substance and wherein said 
sensor senses at least one of the following: 
a. the pressure of said sheath fluid; 

30 b. th pressure of a substance introduced at a locati n 

within said sheath fluid in said convergence zone; 
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the location at which said droplet is formed; 

d. th rate at which droplet is det rmined to contain 
son of said substanc ; or 

e. a property of said substance. 

5 83. A system for creating a droplet from a jet of a flow 
cytometer comprising: 

a. a nozzle body having an inner surface; 

b. a nozzle tip having an inner surface; 

c- a seal located off of said inner surface of said 
10 nozzle tip and to which both said nozzle body and said 

nozzle tip are responsive; 
d. a sheath fluid port located within said nozzle volume 
wherein said sheath fluid port introduces a sheath 
fluid; 

3^5 e. a substance introduction port located within said 

nozzle volume; and 

f. a free fall area below said nozzle exit and within 
which said droplet forms. 

84. A system for creating a droplet from a jet of a flow 
20 cytometer as described in claim 83 wherein said nozzle tip 

has an outer surface and wherein said seal contacts said 
outer surface of said nozzle tip. 

85. A system for creating a droplet from a jet of a flow 
cytometer as described in claim 83 or 84 wherein said 

25 nozzle body has an inner surface and further comprising an 

edge insert on said inner surface of said nozzle body. 



-36- 



BNSDOCID: <WO 9612171A2> 




BNSDOCID:<WO 9612171A2> 



Fig. 

1/5 



wo 96/12171 



PCT/US95/13308 




wo 96/12171 



PCT/US95/13308 




BNSOOCID: <WO 96121 71 A2> 



3/5 




Fig. 4 



BNSDOCID: <WO 9612171A2> 



4/5 



wo 96/12171 



PCT/US95/13308 



10 




6 
0 

6 
6 
6 
6 
6 
6 

Fig. 5 

(Prior Art) 



BNSDOCID:<WO 9612171A2> 



5/5 



i HIS PAGE BLANK (uspro) 



WORLD INTELLECTUAL PROPERTY ORGANIZA liON 
Intemaiional Bureau 




PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification ^ : 
GOIN 15/14 



A3 



(11) International Publication Number: WO 96/12171 

(43) IntemaUonal PublicaUon Date: 25 April 1996 (25.04.96) 



(21) IntemaUonal ApplicaUon Number: PCT/US95/ 13308 

(22) IntemaUonal Filing Date: 13 October 1995 (13.10.95) 



(30) Priority Dato: 

08/323.270 



14 October 1994(14.10.94) 



US 



(60) Parent Application or Grant 
(63) Related by Continuation 
US 

Filed on 



08/323^270 (CON) 
14 October 1994 (14,10.94) 



(71) Applicant {for all designated States except US): UNIVERSITY 

OF WASHINGTON [US/US]; Suite 200, 1 107 N.E. 45th 
Street, SeatUc, WA 98105 (US). 

(72) Inventor; and 

(75) Invcntor/AppUcant (for US only): VAN DEN ENGH. Gcr 
[NUUS]; University of Washington, Dept. of Molecular 
Biotechnology, Box 357730. Seattle, WA 98195 (US). 

(74) Agent: SANTANGELO. Luke; Santangelo Law Offices. P.C., 
315 West Oalc Street #701, Fort Collins, CO 80521 (US). 



(81) Designated States: AL, AM. AT. AT (Utility model), AU. BB. 
BG. BR. BY. CA. CH. CN. CZ, CZ (Utility model), DE. 
DE (Utility model). DK, DK (Utility model). EE. ES. Fl. 
FI (UtUity model). GB. GE, HU. IS, JP, KE. KG. KP. KR. 
KZ, LK. LR. LT. LU, LV, MD. MG. MK. MN, MW. MX, 
NO, NZ, PL, PT. RO. RU. SD, SE. SG. SI. SK. SK (Utility 
model). TJ, TM. TT, UA, UG. US. UZ, VN. European 
patent (AT. BE. CH, DE, DK, ES. FR. GB, GR, IE. IT. LU. 
MC. NL. PT, SE). OAPI patent (BF. BJ. CF. CG, CI, CM, 
GA. GN, ML. MR. NE, SN, TD, TG), ARIPO patent (KE. 
MW, SD. SZ. UG). 



Published 

With international search report 

Before the expiration of the time limit for amending the 
claims and to be republished in the everu of the receipt of 
amendments, 

(88) Date of publication of the international search report: 

1 August 1996 (01.08.96) 



(54) Tide: HIGH SPEED FLOW CYTOMETER DROPLET FORMATION SYSTEM 



A droplet forming flow cytometcr system (1) allows high speed processing 
without the need for high oscillator drive powers through the inclusion of 
an oscillator or piezoelectric crystal (10) within the nozzle volume (3) and 
directly coupled to the sheath fluid. The nozzle container (27) continuously 
converges so as to amplify unidirectional oscillations (11) which are transmitted 
as pressure waves through the nozzle volume (3) to the nozzle exit so as to 
form droplets from the fluid jet The oscillator is dircctionally isolated so as to 
avoid moving the entire nozzle container so as to create only pressure waves 
within the sheath fluid. A variation in substance concentration is achieved 
through a movable substance introduction port (9) which is positioned within a 
convergence zone (32) to vary the relative concentration of substance to sheaUi 
fluid while still maintaining optimal laminar flow conditions. This variation 
may he automatically controlled through a sensor and controller configuration. 
A replaceable tip design is also provided whereby the ceramic nozzle up is 
positioned within an edge insert (29) in the nozzle body (24) so as to smoothly 
transition from nozzle body (24) to nozzle tip (25). The nozzle tip is sealed 
against its outer surface to the nozzle body so it may be removable for cleaning 
or replacement. 




BNSDOClD:<WO 9612171A3> 




FOR THE PURPOSES OF iSFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AT 


Austria 


GB 


United Kingdom 


MR 


Mauritania 


AU 


AustraUa 


G£ 


Georgia 


MW 


Malawi 


BB 


Barbados 


GN 


Guinea 


NE 


Niger 


BE 


Belgium 


GR 


Greece 


NL 


Netherlands 


BF 


Burkina Paso 


HU 


Hungary 


NO 


Norway 


BG 


Bulgaria 


(E 


Ireland 


NZ 


New Zealand 


BJ 


Benin 


rr 


Italy 


PL 


Poland 


BR 


Brazil 


JP 


Japan 


FT 


Portugal 


BY 


Belarus 


KE 


Kenya 


RO 


Romania 


CA 


Canada 


KG 


Kyrgystan 


RU 


Russian Federation 


CF 


Central African Republic 


KP 


Democratic People's Republic 


SD 


Sudan 


CG 


Congo 




of Korea 


SE 


Sweden 


CH 


Switzerland 


KA 


Republic of Korea 


SI 


Slovenia 


CI 


C6te d'lvoiie 


KZ 


Kazakhstan 


SK 


Slovakia 


CM 


Cameroon 


U 


Liechtenstein 


SN 


Senegal 


CN 


China 


LK 


Sri Lanka 


TD 


Chad 


OS 


Czechoslovakia 


LU 


Luxembourg 


TG 


Togo 


cz 


Czech Republic 


LV 


Latvia 


TJ 


Tajikistan 


DE 


Germany 


MC 


Motiaco 


TT 


Trinidad and Tobago 


DK 


Denmark 


MD 


Republic of Moldova 


UA 


Ukraine 


ES 


Spain 


MG 


Madagascar 


US 


United States of America 


n 


Finland 


ML 


Mail 


uz 


Uzbekistan 


FR 


France 


MN 


Mongolia 


VN 


Viet Nam 


OA 


Gaboo 











BNSDOCID:<WO 9612171 A3> 



NATIONAL SEARCH REPORX 



a FIELDS SEARCHED 


Minimum documcntaitioci searched (d<i 

IPC 6 GOIN 


■ification fyitem followed by d«afic«tioQ symbols) 




DocumenUbon fearcbcd ochff ttus min 


jDum doaimmf tion to the extent That mch docanents ai 


ne included in the 6cidi searched 



A. CLASSIRCATION OF SUBJECT MATTER 

IPC 6 GeiN15/14 



Accofdint to fateniattopal Patent Qaaificatiop (IPC) or to both national daaafication and tPC 



1 



Intel joal Appiicaban No 

PCT/US 95/13308 



Etedrooic data base ooosilted during the iatcreatiaoal tcardi (name of data haae and, where practical, search tenns used) 



C. DOCUMENTS OONStDERED TO BE RELEVANT 



Category ' Qtation of document, with indication, where appropnafee. of the relevant passages 



US. A. 4 361 409 (GRAY JOE W ET AL) 30 

November 1982 

cited in the application 



see the whole document 



Relevant to daim No. 



17.23. 
36-40. 
44-47, 
53. 

56-60, 

64,65 

1,4.5,7, 

12,14, 

15. 

26-28, 
30-32, 
41,42, 
51,62 



[3 



Further documents are lisMd in the mntinuation of boK C. 



0 



Patent family members are listed in i 



* Spedal cafiBforiea of dted i 



'A' document defining the genenl flUCe of the art which is ncC 
ooondcTcd to be of particular rdevancc 

'E' earlier document but piitiiidvd on or after the international 
filii\£ date 

'L' docume nt which may throw doubti on psiority daim(s) or 
which is dted to rtTaNith the pufaUcatian date of mMsta 
dtaboQ or other spedal reaaon (as qyedfied) 

*0' document referring to an oral disdosure, use, ochibitiao or 
other means 

'P* doCTgnnrt pubbdicd prior to the intematiGoal filing date Ixit 
Later than the priori^ date rtsimrrt 



1" laser docummt piMiAed after the international filing date 
or priohty date and not in conflict with the a}xilicatian hut 
dted to understand the priodple or theory underlying the 
tnvcntioo 

'X' docwnent of particular relevance; the daimed invention 
cannot be oonsdered novd or cannot be considered to 
involve an inventive step when the document is taken alone 

'Y' document of pnticular rdevaxkoe; the daimed invention 
cannot be conadcred to involve an inventive step when the 
docume nt is oomtaned with one or more other such docu- 
menti, such combination being obvious to a penroo skilled 
in the arL 

'A' docume n t member of the same patent family 



Date of the actual completioa of the intnational search 

12 June 1996 



Name and mailing address of the ISA 

£urT>pean Patextt OfGoe, P.B. S818 PatextfSaan 2 
NL - 2280 HV Rijswijk 
Td. (^^ 31-70) 340-2040, Tt 31 651 cpo nl. 
Fax: (^31-70) 340-3016 



Date of mailing of the international scardi report 

1 9.0& 96 



Authorized ofGco- 



Scheu, M 



Fom PCT/tSA/ai« <i 



SIMM) (Juty 1**3) 



page 1 of 2 



BNSDOCID:<WO 9612171A3> 



INTSRNATlONAi, SEARCH REPORT 



lot iGoal AppiicAtioc No 

PCT/US 95/13388 



C^Cootinustiaa) DOCUMENTS CONSIDERED TO BE RELEVANT 



Cfttefory * OUtioa of document, with imiirarion, wbm jppropiute, of the rdcvant pas&cet 



Relevant to dmim No. 



X 
A 



US»A,3 826 364 (BONNER W ET AL) 30 July 
1974 



see colunn 2, line 51 - colunrt 3, line 58; 
figure lA 



US. A. 4 538 733 (HOFFMAN HICHAEL A) 3 
Septeniier 1985 

see column 3, line 52 - colum 4, line 4 



see column 4, line 55 - column 5, line 9; 
figure 1 

EP.A.e 160 201 (BECTON DICKINSON CO) 6 
November 1985 

see page 16. line 5 - page 17. line 11; 
claims 1.8,9; figures 4-6 

EP.A.O 468 100 (TOA MEDICAL ELECTRONICS) 
29 January 1992 
see claim 1 



17.23. 

36-40. 

44-47. 

53.56. 

60.64.65 

1.4.5.7, 

12.14. 

15.26. 

28.31. 

32.51.58 

17.21. 

23.26 

1.4.5.7. 

12.27. 

28.31. 

32.36, 

38-40. 

44.46, 

47.56. 

59.60.64 



69.72. 
77.79 



73-75.81 



3 



F«m FCT/ISA/310 (cDoUnuattoa of Meoo4 itaM} (July 1992} 



BNSDOClD:<WO 9612171A3> 



page 2 of 2 



INTERNAllO 



EARCH REPORT 



CT/US95/ 13308 



B X I Obscrvadofis where certain daims were found unsearchable (Continuation of item I of Hrst sheet) 



This 



is international search report has not been estabUshed in respect of certain claims under Arucle 1 7{2Xa) for the following reasons: 



^ * ^ SS^se^'^y reUte to subject matter not required to be searched by this Authority, namely: 



^' O ^L^ih^y relate to parts of the international appUcation that do not comply with the prescribed requirements to such 
an extent that no meaningful internauonal search can be carried out, spedHcally: 



[ I Claims No«.: 



because 



X^y are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(aV 



Box II Observations where unity of invention is lacking (Continuation of item 2 of first sheet) 

This International Searching Authority found multiple inventions in this international application, as follows: 

Group A : claims 1-58 
Group B : claims 69-82 
Group C : claims 83-85 



1. rn As all required additional search fees were timely paid by the applicant, this internauonal search report covers all 

searchable claims. 

2, rn As all searchable daims could be searches without effort justifying an additional fee, this Authority did not invite payment 
^■"^ of any additional fee. 



3. 



Xl As only some of the required additional search fees were timely paid by the applicant, this inumational search report 
— * covers only those claims for whiidi fees were paid, speafically claims Nos.: 



A : claims 1-68 
B : claims 69-82 



4 I I No required addiuonal search' fees were Umely paid by the appUcanL Consequently, this international search report is 
' ' restricted to the invention first menuoned in the claims; it is covered by claims Nos.: 



Remark on Protest 



The additional search fees were accompanied by the applicant's protest- 
[ j No protest accompanied the payment of additional search fees. 



Form PCT/ISA,*210 (continuation of first sheet (t)) (July 1992) 

BNSDOClD:<WO 9612171A3> 



/ 



lN72£RNATIONAL SEARCH REPORT 



Pmtcht document 
cited in tearch report 



Publication 
date 



^coal Appiicatioa No 

PCT/US 95/13308 



Patent family 
member(s) 



Publication 
date 







nunc 






US-A-3826364 


30-07-74 


CA-A- 


974193 


09-09-75 






OE-A- 


2246380 


20-12-73 






JP-A- 


49109093 


17-10-74 


US-A-4538733 


03-69-85 


NONE 






EP-A-016e2ei 


06-11-85 


US-A- 


4660971 


28-04-87 






AU-B- 


573144 


26-05-88 






AU-B- 


4098985 


07-11-85 






CA-A- 


1242593 


04-10-88 






JP-B- 


4031353 


26-05-92 






JP-A- 


60238762 


27-11-85 


EP-A-G468iee 


29-01-92 


JP-A- 


4081640 


16-03-92 






CA-A- 


2039897 


25-01-92 






DE-D- 


69017675 


13-04-95 






DE-T- 


69017675 


17-08-95 






US-A- 


5083014 


21-01-92 



Porm PCT/ISA/31> (pMit tamily aoao} (Jvly 1993) 

CiNSDOClb: <WO • J!??i,?'v71 A?> 



